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Abstract

Intestinal mucosal injury that results from
local ischaemia can be detected by early
increases in gut permeability, followed
by later morphological, histological,
and biochemical abnormalities. Local
adaptive mechanisms (for example in-
creased oxygen extraction) can cope with
reductions in blood flow of up to 50%, as
may occur during episodes of septic shock
or cardiac tamponade. Why then does
hypoxic injury develop? The peculiar
vascular anatomy of the villi allows for
oxygen short circuiting to occur at their
base, when blood flow is low. Although
overall oxygen extraction efficiency may
be high, regional hypoxia at the villus tip
may, paradoxically occur. The severity of
reperfusion injury depends on the dura-
tion of preceding hypoxia. Free radical
generation through the hypoxanthine
xanthine oxidase system is important in
mediating cellular damage. In addition,
luminal aggressive factors (for example,
pancreatic proteases) may cause mucosal
damage, as suggested by earlier studies.
More recent studies in pigs suggests that
pancreatic duct ligation merely delays,
but does not prevent development of gut
reperfusion injury. Enteral nutrition
should benefit patients with the ischaemic
intestine because in comparison with total
parental nutrition, it stimulates regional
blood flow, and attenuates mucosal
injury. There are no randomised trials
to verify this, but use of tonometry to
monitor local ischaemia may help resolve
the issue.

(Gut 1994; supplement 1: S73-S76)

The intact gut mucosa serves as a barrier
between the non-sterile lumen and the sterile
interior of the body. Micro-organisms may
sometimes penetrate this barrier — a process
referred to as translocation.! According to
present knowledge, translocation in the normal
healthy subject causes only a limited bacter-
aemic/endotoxinaemic challenge, which can be
cleared by the defence systems (mesenteric
lymph nodes and the hepatic reticuloendo-
thelial system). During pathological states,
however, leakage of bacteria through the more
permeable gut mucosa may be increased,
resulting in a significant septic condition. After
trauma, in critical illness or septic states, the
intestinal mucosal barrier may be impaired or
possibly broken down completely. As a con-
sequence, the possibility for micro-organisms
to invade the body is greatly enhanced.
In addition, other toxic substances such
as myocardial depressant substances and
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proteolytic enzymes might be released from the
intestine.2 Mucosal ischaemia is believed to be
a common denominator for the processes that
cause enhanced mucosal barrier permeability.
The participation of mucosal ischaemia in
intestinal mucosal injury and the possible
influence by enteral nutrition on these con-
ditions are currently being studied.

Ischaemic intestinal mucosal injury
(Table)

The first detectable sign of intestinal mucosal
injury in ischaemia is increased capillary
permeability. With longterm ischaemia, the
mucosal permeability will be further increased
with subsequent mucosal epithelial cell injury
becoming morphologically detectable. It is
important to consider the intestinal mucosal
injury process as a continuum of injury ranging
from increased permeability to tissue destruc-
tion (Fig 1). The extent and duration of
ischaemia will determine the depth of the
tissue injury? (Fig 2).

Intestinal ischaemia as seen, for example, in
the septic, critically ill patient probably does
not cause damage to the gut beyond the super-
ficial part of the mucosa. Intestinal strangula-
tion, mesenteric vascular obstruction, and so
called non-occlusive intestinal ischaemia might
cause additional injury to the deeper layers of
the intestinal wall. In the patient suffering with
shock, mucosal injury is confined to the villi.
The first morphological sign of tissue injury is
the lifting of the epithelial cells at the very tip of
the villi.* With more severe or more prolonged
ischaemia, or both, the epithelial cells along the
sides of the villus are lifted until the epithelial

Mechanism of intestinal mucosal injury

Ischaemic injury
Decreased oxygen delivery
Reduced intestinal (mucosal) blood flow
Increased short circuiting of oxygen in the villus counter-
current exchanger
Increased needs of oxygen
Reperfusion injury

Normal mucosa
Capillary permeability?
Mucosal permeability?
Superficial mucosal injury
Transmucosal injury

Transmural injury

Figure 1: The continuum of intestinal ischaemic injury
from normal mucosa, permeability changes to transmural
infarction.
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Figure 2: Intestinal
ischaemia is characterised
by its extent and its
duration.

cells are finally lost and the villus core disinte-
grates. Chiu er al describe an injury related
grading system that has been widely used*
because their various grades have shown to be
proportional to the extent and duration of the
ischaemia. Even in situations where the villi are
severely damaged, healing might occur quite
rapidly if measures to provide adequate
mucosal tissue oxygenation were instituted.
Thus, Park ez al® showed that epithelial lifting
returns to normal within six hours. Villi that

had lost their epithelial cells were shown to be’

covered and to maintain a fairly normal appear-
ance within 18 hours.?

Ischaemic mucosal injury

During ischaemia, the intestinal mucosa may
be injured as a result of several mechanisms
acting alone or in concert. Ischaemia may
cause intestinal injury, which may increase
oxygen demands or decrease oxygen supply
through reduced intestinal blood flow or
oxygen short circuiting in the villus counter-
current exchange. Additionally, ischaemia
may cause reperfusion injury, which can also
damage the intestinal mucosa.

After hypovolaemia, or reduced -cardiac
output for other reasons (such as cardiac
tamponade), the splanchnic blood supply
might be insufficient to meet the tissues needs.
It has been shown that the small intestinal
blood supply has to be reduced by more than
50% to induce detectable tissue injury.® If the
blood flow reduction is less than 50%, com-
pensatory mechanisms will be enough to avert
tissue injury. These mechanisms include
increased oxygen extraction and oxygen redis-
tribution within the intestinal wall to those
areas with a high metabolic demand.

In haemorrhage or cardiac tamponade, or
both the reduced delivery to the intestine may
create sufficient hypoxia in the superficial part
of the gut mucosa to cause tissue injury.’
Where ischaemia, however, was induced
regionally in the small intestine by lowering the
arterial inflow pressure, a very significant redis-
tribution of intramural blood flow provides the
mucosa with more oxygen.® Moreover, in
sepsis, blood flow to the superficial part of the
mucosa has also been shown to be maintained
well in animals developing intestinal mucosal
injury.® Furthermore, in regional intestinal
ischaemia and in septic shock, the intestinal
mucosal injury could be prevented by supply-
ing the gut mucosa with small amounts of
extra oxygen by intraluminal perfusion with
oxygenated saline. Perfusion with nitrogen
saturated saline had no such effect.® 10

The unusual situation where the blood
supply to the superficial part of the mucosa is
fairly well maintained but hypoxic injury still
develops in this area within 1-2 hours of shock,
may be explained by the peculiar vascular
anatomy of the intestinal mucosa. The villus is
supplied with a centrally located arterial vessel,
which does not arborise until it reaches the tip
of the villus. The blood flow is then drained
through a subepithelial network of capillaries
and venulas. The distance between these two
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sets of vessels with mainly opposite flow
directions is less than 20 ., which will permit
diffusion equilibrium to take place for easily
diffusable substances such as oxygen. A limit-
ing factor is the time allowed to obtain diffu-
sion equilibrium. In shock, the blood flow
velocity is significantly reduced,!! and the pre-
requisite for a very effective short circuiting of
oxygen at the base of the villi is present. A
certain degree of short circuiting of oxygen in
the villus countercurrent exchanger has been
shown in the resting intestine,!? and a very low
resting pO, has been recorded at the tip of the
villus.!3 Thus, an increased effectiveness of the
countercurrent exchanger during hypotensive
states might well explain an almost anoxic
environment at the tip of the villi despite a
rather well maintained volume of blood flow to
this region.

During recent years an additional mech-
anism causing impaired tissue oxygenation to
the gut during sepsis has been described. Dahn
et al'* provided strong indications for an
increased oxygen demand of the splanchnic
organs during sepsis compared with trauma
not complicated by sepsis. Arvidsson et al !5
could measure oxygen consumption in the
gastrointestinal tract and in the liver during
sepsis and haemorrhage. It could be shown
that during sepsis induced by faecal peritonitis
in pigs, the splanchnic oxygen consumption
almost doubled within a couple of hours. For
the intestine, the oxygen delivery was judged
to be sufficient to meet the total oxygen
demands of the tissue, under these experimen-
tal conditions. In sepsis, however, the hepatic
needs for oxygen exceeded the delivery, and
flow dependent hypoxia was expressed as
increased lactate production.!> Recently, it was
shown, using the tonometric technique for
monitoring intramucosal pH (see later) that
mucosal ischaemia occurred rapidly after
sepsis despite maintained or increased oxygen
delivery and increased oxygen consumption of
the gut.!®

The cause of the increased oxygen demand
in the splanchnic area in sepsis is not fully
understood. From a theoretical point of view,
activated resident macrophages and invading
white blood cells might account for at least part
of the increased demand.

To summarise, in the critically ill, tissue
oxygenation of the splanchnic organs is threat-
ened by several simultaneous mechanisms
causing intestinal ischaemia. Blood flow deliv-
ery to the area might be impaired. The
mucosal countercurrent exchanger causes a
further decrease of oxygen delivery to the
superficial part of the mucosa. In the septic
state there is, in addition, an increased demand
for oxygen in the splanchnic area. Moreover,
sepsis causes decreased extraction and utilisa-
tion of oxygen by the tissue.

Reperfusion injury

During the past 10 years, there has been
increasing evidence that, in addition to the
injury taking place during ischaemia, intestinal
injury also takes place at reperfusion.!? '8 The
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Figure 3: Effect of chronic pancreatic duct ligation (filled circles) on intestinal mucosal
injury developed at haemorrhagic hypotension followed by reperfusion in pigs. ***denotes
p>0-01 in comparison berween the groups. Open circles denote control animals subjected to
a previous sham operation and haemorrhagic hypotension of similar extent and duration as
the pancreatic duct ligated animals.

mechanism underlying the reperfusion com-
ponent of the total tissue injury? is generally
believed to be increased generation of oxygen
derived free radicals. Probably the most
important mechanism for increased generation
of oxygen radicals in the intestine is the hypo-
xanthine-xanthine oxidase system.!”

The reperfusion component of ischaemic
injury is more pronounced after partial than
total intestinal ischaemia.? 1° Based on avail-
able experimental data, it is reasonable to con-
clude that only the superficial mucosa is
subjected to detectable reperfusion injury. If
the ischaemic injury is severe enough to cause
injury to deeper layers of the gut wall than the
villi, further injury at reperfusion is probably
not detectable. Similarly, if the ischaemic
injury by itself does not cause any detectable
injury, probably such injury will not be found
after reperfusion. As reviewed elsewhere??
such a ‘window of reperfusion injury’ has also
been shown for other organs.

Effect of intraluminal proteases

Bounous ez al showed that intraluminal pro-
teases, especially trypsin, were important for
the development of intestinal mucosal injury
during shock. They showed that aprotinin, a
proteolytic enzyme inhibitor, placed in the
lumen before induction of shock, as well as
pancreatic duct ligation one week before
intestinal ischaemia, could prevent the appear-
ance of intestinal mucosal injury (see ref 21).
At that time, however, the role of the ischaemia
v the reperfusion phase of the total ischaemic
tissue injury was not considered. Later, it was
suggested that the proteolytic activity in the
lumen might be especially important for the
rapid conversion of xanthine dehydrogenase to
xanthine oxidase (D to O conversion) and,
consequently, intraluminal proteases would be
of significant importance for the reperfusion
phase of a total ischaemic injury.2? Recently,
this hypothesis was tested, and it was shown
that, after two hours of haemorrhage hypoten-
sion, there was no difference between animals
with a chronic pancreatic duct ligation and
those without. Those with an intact pancreatic

S75

duct, however, did develop reperfusion injury
more rapidly than those with a chronic duct
ligation (Fig 3). The second group of animals
did finally (after three hours) develop an
exacerbated tissue injury during the reper-
fusion phase.?> Absence of intraluminal
pancreatic proteases in the gut lumen thus
delayed but did not avert the development of
reperfusion injury.

Monitoring of gut ischaemia

These considerations strongly suggest that,
especially in sepsis, a knowledge of blood flow
does not necessarily provide any information
about the ischaemic state of the intestine. A
technique permitting the detection and moni-
toring of intestinal ischaemia has recently been
described by Fiddian-Green.2* This technique
is reasonably non-invasive and is easily used in
the clinical setting. Validation has been
described by Antonsson et al.?> The tonometer
has a carbon dioxide permeable silicon balloon
on its tip. Combined with a nasogastric tube, it
can easily be placed in the stomach. The
silicon balloon is connected with the outside
through an impermeable tube. If the balloon is
filled with saline, carbon dioxide equilibrates
rapidly over the silicone membrane of the
balloon between the saline content and the
lumen. The lumenal pCO, is in turn, in
equilibrium with pCO, of the superficial
mucosa. By measuring pCO, in the balloon
and arterial bicarbonate concentration, the pH
can be calculated with the Henderson-
Hasselbalch equation.

Effects of enteral nutrition during
ischaemia

There is no randomised trial illustrating a clear
cut benefit to the ischaemic intestine by enteral
feeding. There are several indirect indications,
however, that early enteral feeding might be
important in limiting the sequelae of intestinal
ischaemic injury. It has been noticed that
parenteral nutrition in itself might cause
mucosal tissue injury closely similar to that
found in ischaemia.?® This injury could be
attenuated by enteral feeding.?® Similarly, it
has been shown that total parenteral nutrition
promotes bacterial translocation from the
gut.?’” Furthermore, it has been shown that
enteral nutrition reduces septic morbidity after
major abdominal trauma compared with total
parenteral nutrition.?® Of special interest are
the reports of the importance of the amino acid
glutamine on the gut mucosal integrity.
Supplying this amino acid in parenteral nutri-
tion has been reported to attenuate mucosal
ischaemic injury.?® There is indirect support
for the concept that glutamine supplementa-
tion in diets used for enteral nutrition has a
similarly beneficial effect.3°

Figure 3 is reproduced from Montgomery, Borgstrom and

Haglund. Gastroenterology 1992; 102: 216-22 (ref 23), with
permission.
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